The tea plant (Camellia sinensis L.) is an important commercial crop with remarkably high catechin concentrations. Tea is popular worldwide given the plant's health benefits. Catechins are the main astringent substance in tea and are synthesized mainly via the phenylpropanoid pathway. In this study, eight cultivars of tea plants harvested both in spring and autumn were used to investigate differences in catechin concentrations by using high-performance liquid chromatography. The expression levels of genes associated with catechin biosynthesis were investigated using reverse transcription-quantitative polymerase chain reaction. The results indicated that the total catechin (TC) concentrations were significantly higher in tea plants harvested in autumn than in those harvested in spring, based on higher concentrations of epigallocatechin (EGC) in autumn tea (P,0.01). The expression of the genes phenylalanine ammonia-lyase (PAL), flavanone 3-hydroxylase (F3H), flavonoid 39,59-hydroxylase (F3959H), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (ANS) is closely related to the TC content of tea plants in both spring and autumn. Positive correlations between PAL, cinnamate 4-hydroxylase (C4H), F3H, and DFR expression and EGC accumulation in autumn tea were identified, with correlation coefficients of 0.710, 0.763, 0.884, and 0.707, respectively. A negative correlation between ANS expression level and EGC concentrations in tea plants harvested in spring was noted (r520.732). Additionally, negative correlations between F3H and ANS expression levels and the catechin content were identified in spring tea, whereas the correlations were positive in autumn tea. Significant differences in the F3H and ANS expression levels between spring and autumn tea indicate that F3H and ANS are potentially key genes affecting catechin accumulation in tea plants.
INTRODUCTION
Tea is a globally economically important commodity and is enjoyed by people worldwide because of its health benefits. 1 Catechins are the primary astringent substances in tea. Catechins have multiple effects on human health and play important antibacterial, antiviral, anti-radiation, and anti-aging roles. In addition, these compounds are involved in the prevention of cardiovascular disease and cancer. [2] [3] [4] [5] [6] They are abundant in the young leaves and buds of tea plants and can be divided into non-esterified catechins (including catechin (C), epicatechin (EC), gallocatechin (GC), epigallocatechin (EGC)), and esterified catechins (including epicatechin gallate (ECG) and epigallocatechin gallate (EGCG)). 7 Catechins account for approximately 70% of all polyphenols in tea and are derived from multiple branches of the phenylpropanoid biosynthetic pathway, one of the most characterized secondary metabolic routes in plant systems. [8] [9] [10] Flavan-3-ols (also known as catechins) are mainly produced via the naringenin-chalcone R naringenin R dihydrokaempferol pathway (Ashihara et al., 2010) . 11 As shown in Figure 1 , the steps to produce dihydromyricetin are catalyzed by the following enzymes: phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 39-hydroxylase (F39H), and flavonoid 39,59-hydroxylase (F3959H). [12] [13] [14] [15] [16] [17] [18] Dihydroflavonol 4-reductase (DFR) catalyzes important steps in the control of metabolic fluxes, which feed into biosynthetic pathway branches, leading to the production of anthocyanins and proanthocyanidins. 19 Non-esterified catechins are produced in steps involving sequential reactions catalyzed by leucoanthocyanidin 4-reductase (LAR), anthocyanidin synthase (ANS), and anthocyanidin reductase (ANR). [20] [21] [22] EGC and EC are converted into esterified catechins (EGCG and ECG) via the sequential action of flavan-3-ol gallate synthase (FGS), 11 and various catechin monomers are synthesized from dihydrogen arbutus pigment. 10, 11, 23 To date, studies on catechin biosynthesis have mainly focused on the influence of light, 24, 25 drought, 26 high ultraviolet (UV) radiation levels, 27 low temperature, 28 and pathogen infection, 29 as well as on the different maturing tissues, 30 the albino phenomenon, 31 and dark treatment. 32 In general, the quality of sweetness, flavor, texture, and taste in spring tea is better than that in autumn tea. 33 However, most previous studies have focused on the effects of environmental factors and alterations in amino acids, polyphenols, and caffeine content during seasonal changes in tea plants. 34, 35 Chemical analysis of bud/leaves harvested in spring revealed a higher concentration of amino acids and aroma characteristics, but lower levels of total polyphenols and caffeine than those in tea plant leaves harvested in autumn. 34, 35 Little information is available on the molecular biology of catechin accumulation and its biosynthesis-related gene expression in tea plants during the spring and autumn seasons.
In this study, we analyzed the catechin content and expression levels of genes involved in the biosynthesis of catechins in eight tea plant cultivars harvested both in spring and autumn (hereafter spring and autumn tea, respectively). These results provide insight into the possible mechanisms regulating catechin biosynthesis in tea plants and may lead to a better understanding of differences in catechin content between spring and autumn tea and the underlying genetic mechanisms.
MATERIALS AND METHODS

Plant samples
Fresh tea bud leaves consisting of the apical bud and the leaf closest to the apex were harvested from the Tea Research Institute, Jiangsu Province, P. R. China, between 09:00 am and 12:00 am on 2 April and 13 September 2013 from eight tea cultivars (Camellia sinensis), including 'Longjingchangye' tea (LJCY), 'Anjibaicha' tea (AJBC), 'Fuding-dahao' tea (FDDH), 'Fuding-dabai' tea (FDDB), 'Zhenong117' tea (ZN117), 'Wuniuzao' tea (WNZ), 'Pingyang-tezao' tea (PYTZ), and 'Longjing43' tea (LJ43). The samples were divided into two: half of each sample was frozen immediately in liquid nitrogen and stored at 280 6 C until RNA extraction. The other half was microwaved (AX-1500Y(R); Sharp, Osaka, Japan) at high power 800 W for 2 min to terminate all polyphenol oxidase activity 36 and maintained at 280 6 C until catechin extraction. All experiments included tests on three separate biological replicates.
Catechin concentrations
Catechin extraction was performed using 0.2 g of fresh tea bud leaves from each sample. 37 Catechins were analyzed according to Zhang et al. 38 with some modifications. Bud leaf tissue (0.2 g FW) was homogenized with a mortar and pestle and placed in a 10-ml centrifuge tube containing 6 ml of 70% (v/v) methanol. The tube was heated at 80 6 C for 20 min in a shaking thermal water bath and then centrifuged (Centrifuge 5810 R; Eppendorf, Hamburg, Germany) at 4 6 C and 10 000 rpm for 15 min. The supernatant was transferred into a new 10-ml centrifuge tube and filtered through a 0.45mm organic membrane; 70% (v/v) methanol was added to dilute the supernatant to 100 ml. A standard curve was prepared by weighing standard solutions of C, GC, EGC, EC, EGCG, and ECG purchased from Sigma-Aldrich (Sigma, Milwaukee, WI, USA) in 70% (v/v) methanol. 37 As a result, stock solutions containing all six catechins at 100 mg ml 21 , 50 mg ml 21 , 25 mg ml 21 , 12.5 mg ml 21 , and 6.25 mg ml 21 were prepared. Different concentrations of standard solution were prepared via dilution of the stock using the same solvent, 70% (v/v) methanol. Extracted samples and standards were stored at 4 6 C and protected from light before measurement.
High-performance liquid chromatography (HPLC) analysis was performed in an L-2000 HPLC-UV detector (Hitachi, Tokyo, Japan) with an injection volume of 10 ml and a C 18 ODS column (250 mm34.6 mm, 5 mm; Phenomenex, Tokyo, Japan) plus a C 18 guard column (10 mm33.0 mm) at an oven temperature of 30 6 C. Mobile phase A consisted of a 5:95 (v/v) mix of acetonitrile:double distilled water containing 0.05% (v/v) orthophosphoric acid; mobile phase B consisted of a 50:50 (v/v) mix of acetonitrile:double distilled water containing 0.05% (v/v) orthophosphoric acid. The flow rate was 0.5 ml min 21 , and the detecting wavelength was 231 nm. The gradient elution procedure is presented in Table 1 . 38 Peaks were identified by comparing sample retention times to those of authentic standards.
RNA extraction and quantitative RT-PCR
Total RNA from bud leaves was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA, http://www.invitrogen.com) according to the manufacturer's instructions. First-strand cDNAs were synthesized using the FastQuant RT kit (with gDNase) (TIANGEN, Beijing, China, http://www.tiangen.com). According to the TIANGEN SuperReal PreMix Plus (SYBR Green) kits (TIANGEN, Beijing, China, http://www.tiangen.com), quantitative real-time (qRT) PCR was performed on a MiniOpticon Real-Time PCR system (Bio-Rad Laboratories Inc., USA). All primers used for qRT-PCR are listed in Table 2 . After completion of the reactions, the threshold cycle (C T ) value for each reaction was recorded, and the fold difference in transcript level between greenhouse and open field samples was calculated. The mean values of three replicates and relative to a b-actin standard are given.
Statistical analysis of the data
The data are expressed as the mean 6 standard deviation (SD) for three replicates. Relative quantification values were calculated using the 2 2DDC T method. 39 The data were subjected to analysis of variance (ANOVA), and the statistical significance of differences between groups was assessed via Student's t-test using SPSS (Statistical Package for the Social Sciences) 16.0 statistical software (SPSS Inc., Chicago, IL, USA). For multiple variable comparisons, data were analyzed by two-way ANOVA followed by Tukey's test. The correlation was analyzed via Pearson correlation. The P-values between catechins and gene expression were analyzed by pair comparisons between eight cultivated varieties. P-values,0.05 were considered significant.
RESULTS
Differences in catechin concentrations between spring and autumn teas
Six characteristic tea catechins were successfully extracted from bud leaves ( Figure 2 ). The most abundant catechins included the esterified catechins EGCG and ECG, which accounted for approximately 60% of the total catechin (TC), and only low amounts of nonesterified catechins were noted in spring tea (Table 3 ). EGCG was the most abundant catechin in tea plants harvested in spring and autumn, and EC was the least abundant ( Figure 3 ). These results are consistent with a previous report indicating that EGCG is generally the most abundant tea catechin, whereas C and EC concentrations are rather low. 40 Tea plants harvested in autumn had higher EGC concentrations, followed by EGCG, C, and GC, but lower EC and ECG concentrations than in spring tea ( Figure 3 ). With the higher EGC concentrations, esterified catechins, including EGCG and ECG, only accounted for approximately 50% of the TC of tea plants harvested in autumn, which was 10% lower than that in spring tea (Table 3) .
To explore the effects of cultivar, season, and cultivar 3 season on catechin concentrations in tea plants, data were analyzed by two-way ANOVA followed by Tukey's test. As shown in Table 4 , significant differences in catechin concentrations were identified in eight tea plant cultivars and two seasons (spring and autumn). A significant difference in cultivar 3 season was also noted. These results indicate that different cultivars and seasons affect catechin accumulation in tea plants.
Expression of relevant genes
The expression patterns of flavonoids (including catechin) and genes that are involved in the biosynthesis of catechins, such as PAL, C4H, CHS, CHI, F3H, F39H, F3959H, DFR, LAR, ANS, and ANR, were examined. The relative gene expression in spring tea and the correlation coefficients (r) are listed in Table 5 . ANS expression exhibited a significantly negative correlation with EGC accumulation, but F39H and DFR expression were significantly positively correlated with EGCG accumulation. The relative expression levels of PAL, DFR, and LAR in tea plants harvested in spring were significantly positively correlated with increased TC, whereas F3H, F3959H, and ANS gene expression were negatively correlated with increased TC ( Table 5 ).
As shown in Table 6 , EGC concentrations were closely associated with PAL, C4H, F3H, and DFR expression in autumn tea. A significantly positive correlation between PAL and DFR expression and EGCG accumulation was noted. PAL, C4H, F3H, DFR, and ANS expression levels in tea harvested in autumn were significantly positively correlated with increased TC. In contrast, F3959H expression was negatively correlated with increased TC.
From Tables 5 and 6 , correlations between catechin content and PAL, F3H, F3959H, DFR, and ANS gene expression were observed in the bud leaves of eight varieties in spring and autumn. A positive correlation between TC and LAR expression (r50.707) was observed in spring tea, but a positive correlation was noted between C4H expression and TC levels in autumn tea. F3H and ANS expression were downregulated in autumn tea as compared with spring tea, and catechin accumulation was higher in autumn tea than in spring tea (Figure 4 ). Catechin concentrations were negatively correlated with F3H and ANS expression levels in spring tea but positively correlated in autumn tea (Tables 5 and 6 ).
DISCUSSION
Differences in catechin concentrations between spring and autumn tea
Catechins are the main astringent substances in tea and are important components of tea quality. Of the various catechins, ECs (including EC and its gallolyl derivatives EGC, ECG, and EGCG) constitute approximately 90% of the TCs in tea leaves. 41 In this study, the TC concentration increased by 2.29 mg g 21 in tea plants harvested in autumn (Table 3 ). Nagata and Sakai 42 reported that the order of catechin concentrations in tea leaves (C. sinensis var. sinensis) was EGCG. EGC.ECG from highest to lowest. In Assam tea (C. sinensis var. assamica) leaves, the order was EGCG.ECG.EC. These different results indicate that the composition of each catechin substance varies in different cultivars. EGC concentrations in the eight cultivars of tea plants harvested in autumn in this study were significantly higher than in those harvested in spring ( Figure 3 ). Thus, we hypothesized that the higher EGC and EGCG concentrations in autumn tea might be the central reason for its higher catechin levels (P,0.01). EGC, an epimer of EGCG at the C-2 position, is easily detected in tea infusions. In our research, tea harvested in autumn contains higher EGC concentrations (Figure 3 ). Sano et al. 43 reported that EGC is produced from the epimerization of EGCG via heat treatment. This finding may explain why the EGC concentrations were higher in autumn tea than in spring tea. In addition, catechins are classified as dihydroxylated catechins or trihydroxylated catechins based on the number of hydroxyls in the B-ring. The ratio of dihydroxylated to trihydroxylated catechin ((EC1 ECG):(EGC1EGCG1GC)) and the level of TC can be used as indicators of better tea quality. 40 The higher the ratio, the better the tea quality. In this research, the ratio decreased gradually and ranged from 0.10 to 0.37 in autumn tea. Ortho-dihydroxy B-ring-substituted flavonoids may inhibit the generation of free radicals through the chelation of metal ions. 27, 44, 45 These unique properties of flavonoids with a catechin group in the B-ring may explain why the ratio of dihydroxy to trihydroxy B-ring-substituted catechins decreased in autumn tea. Based on Table 4 , we concluded that season of tea harvest affects catechin accumulation in tea plants. These results indicate improved tea catechin quality in teas harvested in spring. In addition, the quality of taste of the tea harvested in spring was better than of that harvested in autumn, probably owing to the higher EGC content in autumn tea.
The relationship between gene expression and catechin accumulation
Tea is an important commercial crop known for its flavonoid compounds, such as catechins, which are important in beverages and medicinal use. We found that cultivar, season, and cultivar 3 season Asterisks indicate that the D-value was significantly different (**Pf0.01).
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exert significant effects on catechin concentrations in tea plants ( Table 4 ). The results indicate that the PAL, F3959H, and DFR genes, which are involved in the catechin biosynthesis pathway, are positively correlated with catechin concentrations in tea bud leaves harvested both in spring and autumn. F3H and ANS expression decreased in autumn. These results indicate that the season plays a very important role in regulating the expression of genes related to catechin biosynthesis, such as F3H and ANS. Flavan-3-ols (also known as catechins) are mainly produced via the naringenin-chalcone R naringenin R dihydrokaempferol pathway. 11 Eungwanichayapant and Popluechai 30 reported that increased tea catechin concentrations are attributed to the increased expression of genes involved in catechin biosynthesis. As shown in Figure 1 , PAL catalyzes the deamination of phenylalanine to produce trans-cinnamic acid, which is converted to p-coumaric acid via an oxidative reaction catalyzed by the cytochrome P450 enzyme C4H. Research indicates that the C4H gene is involved in the catechin pathway and that its expression is associated with catechin accumulation. 14, 46 F39H, F3959H, and DFR catalyze the reduction of flavanones to leucoanthocyanidin. 12, [15] [16] [17] [18] C and EC are hydroxylated by the F3959H gene. [47] [48] [49] F3959H exhibits a 394959-hydroxylation pattern, such as GC, EGC, and EGCG. In addition, the 39,49-dihydroxylation of the B-ring, as is evident in quercetin, substantially increases the antioxidant activity of flavonoids as compared with B-ring monohydroxylated flavonols. DFR is a key enzyme in the catechin flavonoid pathway and catalyzes important steps in the control of metabolic fluxes that feed into biosynthetic pathway branches, thus producing anthocyanins and proanthocyanidins. 19 DFR is overexpressed in calluses harvested in sufficient light 50 and bud leaves 51, 52 but downregulated in leaves grown in the absence of light. 24 Therefore, tea catechin biosynthesis is critically dependent upon the products of these enzymes. 46 Our research demonstrated that PAL, F3959H, and DFR exhibited the same positive correlation with TC concentrations in tea bud leaves harvested in spring and autumn (Tables 5 and 6 ). This result indicates that these three genes may serve as core factors in the control of catechin biosynthesis in tea plants regardless of the harvest season.
LAR is the only enzyme that has been found to catalyze the conversion of leucocyanidin to C in many plants. 53 A negative correlation between C content and LAR expression level was also observed in the bud leaves of the eight different tea varieties harvested, both in spring and autumn (Tables 5 and 6 ). We also found that LAR transcripts decreased and C and GC concentrations increased in autumn tea (Figure 3 ).
TC concentrations in autumn tea were significantly higher than in spring tea given the greater EGC content in the eight tea plant cultivars harvested in autumn (Figure 3 ). High EGC concentrations in green tea have been reported by Eungwanichayapant and Popluechai. 30 Based on the correlation analysis of catechin levels and the expression of genes involved in catechin biosynthesis, we observed positive correlations between PAL, C4H, F3H, and DFR expression and EGC accumulation in tea plants harvested in autumn, with correlation coefficients of 0.710, 0.763, 0.884, and 0.707 (Table 6 ), respectively; only ANS was negatively correlated with EGC concentrations in tea plants harvested in spring ( Table 5) .
F3H is an essential gene in the catechin biosynthetic pathway and catalyzes the stereo-specific hydroxylation of (2S)-naringenin and (2S)-eriodictyol to form (2R,3R)-dihydrokaempferol and (2R,3R)dihydroquercetin, respectively. 54 F3H regulates the types and Asterisks indicate that the gene was significant correlated with the catechin content (*Pf0.05, **Pf0.01). Catechin biosynthesis of tea in spring and autumn M Liu et al.
quantities of flavonoids and also plays an important role in resistance to biotic and abiotic stresses. 55 F3H expression is controlled and regulated by catechin levels. 49, 56 In the present study, a positive correlation between EGC and TC concentrations and F3H expression was noted in the bud leaves of eight cultivars harvested in autumn, whereas a negative correlation was evident in spring.
Zhang et al. 57 demonstrated that F3H expression was increased in Reaumuria trigyna under drought as well as cold stresses. The materials were harvested in northern subtropical climate zones; a notable feature of these areas is the monsoon. The amount of sunshine and precipitation in winter and spring seasons is less than that in the summer and autumn seasons. These climatic characteristics potentially explain why F3H expression was markedly downregulated in the tea bud leaves of eight cultivars harvested in autumn ( Figure 4 ). Thus, EGC may be hydroxylated by F3H, which may serve as a key gene in the control of catechin concentrations in tea plants harvested in different seasons. Therefore, further studies are required to better understand the relationship between F3H gene expression and catechin accumulation in tea plants harvested in autumn.
The metabolic genes involved in EGC biosynthesis include ANS and ANR. ANS expression results in the accumulation of ECs and is a key enzyme at the branch points of catechin biosynthesis. Through the catalysis of ANS and ANR, leucoanthocyanin is transformed into 2,3-trans-flavan-3-ols, such as EC and EGC. 11 Hong et al. 32 demonstrated that ANS is the key enzyme at the branch points of catechin biosynthesis, which results in the accumulation of ECs. They also found that darkness reduced ANS expression and EGC accumulation. In our research, a positive correlation was noted between EGC and TC concentrations and ANS expression in the bud leaves of eight cultivars harvested in autumn, whereas a negative correlation was evident in spring. ANS expression was downregulated in autumn tea as compared with spring tea, and higher EGC concentrations were observed (Figures 3 and 4) . In contrast, EC and ECG concentrations were lower in autumn tea (Figure 3 ). It is a novel finding that different harvest seasons exert different effects on the expression patterns of genes involved in the phenylpropanoid pathway. This finding supports the hypothesis that ANS may be a critical gene involved in catechin accumulation. The facilitation of EGC production necessitates the adjustment of EC and ECG biosynthesis in the opposite direction. This finding demonstrates how tea plants maintain the balance of phenylpropanoid metabolism in response to environmental cues. Studies in which the temperature and light duration are varied would be required to assess the exact function of ANS in tea plants harvested in autumn.
CONCLUSIONS
In summary, this study was the first to examine the expression of most of the catechin biosynthesis pathway genes (with the exception of FGS) and measure the changes in catechin concentrations in the leaves of eight tea plant cultivars harvested in spring and autumn. Our results explain the basic causes of the increased astringency of autumn tea. These results suggest that F3H and ANS are the most important genes involved in the catechin biosynthetic pathway in tea plants. In addition, negative correlations between F3H and ANS expression and catechin levels were identified in spring tea, whereas a positive correlation was observed in autumn tea. We hypothesize that the suppression of ANS and F3H expression potentially alters catechin biosynthesis in tea plants during spring and autumn. Catechin accumulation was markedly increased in autumn tea.
